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The results of irradiation tests on Ce-doped sol-gel
silica using X- and γ-rays up to 10 kGy are reported,
in order to investigate the radiation hardness of this
material for high energy physics applications. Sol-gel
silica fibers with Ce concentrations of 0.0125 mol% and
0.05 mol% are characterized by means of optical ab-
sorption and attenuation length measurements before
and after irradiation. The two different techniques
give comparable results, evidencing the formation of
a main broad radiation-induced absorption band, peak-
ing at about 2.2 eV, related to radiation-induced color
centers. The results are compared with those obtained
on bulk silica. This study reveals that an improvement
of the radiation hardness of Ce-doped silica fibers can
be achieved by reducing Ce content inside the fiber
core, paving the way for further material development.
© 2018 Optical Society of America
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Recent studies demonstrated that rare-earth (RE) doped
glasses prepared by sol-gel route are suitable materials for the
realization of scintillating optical fiber sensors, opening their
application perspectives for real time dosimetry in medical sys-
tems [1], as well as for high energy physics (HEP) applications.
Silica fibers could be applied as wavelength shifters for the col-
lection and transport of light in HEP experiments [2]. Their use
as the active scintillating material in a sampling electromagnetic
Spaghetti Calorimeter (SPACAL) [3, 4] or as the scintillating
component in a dual-readout calorimeter [5, 6], coupled with un-
doped fibers exploiting Cherenkov light, has also been recently
proposed.
An extremely good radiation hardness is a crucial property
of the material for such applications: the most challeng-
ing requirements are expected in the High Luminosity Large
Hadron Collider phase (HL-LHC) [7], in which the radiation-
induced absorption coefficient of the scintillator material should
be kept below 1-2 m−1 even after a cumulated dose of 300 kGy.
In the last years, it has been proposed that scintillators based on
glass matrices could be a good alternative to several crystals, for
their easy preparation, shaping possibilities, and lower costs of
production [8, 9]. Moreover, glass synthesis by sol-gel technique
can be performed by using high purity precursors, reducing the
level of unwanted impurities that can give rise to extrinsic color
centers under irradiation [10].
The degradation of the attenuation length of Ce-doped
crystalline matrices after irradiation has been intensively stud-
ied: LuAG:Ce [6, 11] and YAG:Ce [12] single crystal fibers have
been characterized under high levels of γ and proton irradiation
fields. On the other hand, it has never been investigated in Ce-
doped silica fibers.
In this work, we present a detailed study of the optical proper-
ties under irradiation and of the radiation resistance of Ce-doped
silica fibers, as the results of irradiation tests using γ-rays from a
60Co source and X-rays up to an integrated dose of several kGy.
Fig. 1. Pictures of 0.05% Ce-doped optical fibers (a) before (on
the left) and after 1 kGy irradiation. Panels b and c report the
parent silica glass bulk sample before and after irradiation,
respectively.
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Fig. 2. Optical absorption spectra of SiO2:0.0125% Ce- and
SiO2:0.05% Ce-doped fibers before (solid lines) and after
(dashed lines) 1 kGy γ irradiation. Dotted line: RL emission
spectrum of 0.05% Ce-doped silica fiber.
Ce-doped silica glasses with Ce concentrations of
0.0125 mol% and 0.05 mol% were prepared by the sol-gel
method using tetramethylorthosilicate (TMOS) and Ce(III)
nitrate as precursors. Alcogels were obtained after gelation
and subsequently dried in a thermostatic chamber for a few
weeks. The obtained xerogels were densified at 1225 °C in
oxidizing (O2) atmosphere, in order to obtain Ce-doped pre-
forms with dimensions of 70 mm in length and 10 mm diameter.
The preforms were then drawn at a temperature of about 1900 K
into fiber by Polymicro Technologies (Phoenix, USA), using a
fluorinated SiO2 cladding wrapping the Ce-doped core, in order
to guarantee the light guiding by the core-cladding interface.
The fibers were then left uncoated. The final core diameter is
0.60 mm and the final fiber diameter is 0.75 mm. Fibers were cut
into 20 cm pieces for measurement purposes.
In Fig. 1, pictures of a Ce-doped fiber and the parent glass
bulk sample before and after irradiation are shown. After the
exposure to ionizing radiation, the sample displayed coloration
mostly in the Ce-doped core, where the luminescent activator is
present. Therefore, we suggest that defects responsible for the
formation of radiation-induced absorption bands in the visible
range are likely related to the RE presence, as already observed
for Pr-doped silica glasses [13].
Fiber samples were investigated by means of optical
absorption (OA) spectroscopy using a Perkin Elmer Lambda
950 UV/VIS Spectrometer featuring a Transfer-Optic for
1X/2X/3X/4X/Bio (Part No. B0509546) accessory for fiber mea-
surements. The fibers were equipped with FC connectors at both
the extremities and were enclosed in a black heat-shrinkable
case to eliminate possible cladding modes. The irradiation of
the SiO2:0.0125% Ce-doped fiber was carried out at the Faculty
of Nuclear Sciences and Physical Engineering (Prague, Czech
Republic) with a dose rate of approximately 40 Gy/h, and the
irradiation of the SiO2:0.05% Ce-doped fiber was performed at
the IONISOS irradiation facility (Dagneux, Lyon, France) with a
dose rate of 1 kGy/h; in both cases, a 60Co source was used and
the cumulated dose was 1 kGy.
In Fig. 2 the OA spectra of SiO2:0.0125% Ce- and SiO2:0.05%
Ce-doped fibers before and after 1 kGy γ irradiation are
reported. The typical radio-luminescence (RL) spectrum of
these fibers is reported as well for reference; the absolute
intensities were found to be proportional to the Ce content.
The measurements are limited to 3.3 eV because the interesting
region for Ce3+ luminescence is in the visible range. Moreover,
at higher energies, the measurements have poor reliability
because of absorbance saturation and distortions related to
luminescence contribution. All the spectra are characterized by
an evident absorption just above 3.1 eV which is likely related
to charge transfer of Ce4+ as well as Ce3+ 4f - 5d transition [14].
Moreover, a broad and weak absorption structure is visible in
the non-irradiated samples below 2.2 eV. Preliminary results
obtained on Pr-doped sol-gel silica fibers showed the presence
of similar absorption contributions, even more evident than in
the case of the here reported Ce-doped fibers. Therefore, this
broad band, here put in evidence by the high aspect ratio of
fiber samples, could be more likely related to intrinsic defects,
present independently from the doping [10, 15].
The irradiated samples show an evident increase of the
absorption coefficient in the 1.5 - 3.0 eV energy range, due to
the formation of a very broad radiation-induced absorption
structure: the maximum absorption coefficient evaluated
at 2.2 eV is 0.07 cm−1 and 0.14 cm−1 for the SiO2:0.0125%
Ce- and SiO2:0.05% Ce-doped fibers respectively. This new
absorption contribution is superimposed to the typical RL
spectrum of Ce3+, leading to a reduction of the transmitted
scintillation light. In this respect, we remark that a lower energy
emission in the near IR would be much less affected by radiation
damage of the fibers.
The radiation-induced absorption coefficient is clearly lower
for the less concentrated Ce-doped fiber sample: this points
to a dominant role of the reduction of the Ce content in the
improvement of the radiation hardness. It is also the cause of a
shift towards higher energies of the absorption edge.
These results are supported by measurements of the attenu-
ation length of photo-luminescence (PL) emission, chosen as the
main practical parameter to characterize the fibers, due to their
small cross-section and high aspect ratio. The measurements
were performed with a homemade setup, by illuminating the
fiber with a 370 nm pulsed LED moving at constant speed
(2.6 cm/s) along its longitudinal axis, as shown in Fig. 3, and
monitoring the luminescence output through dry coupling both
fiber ends to two Hamamatsu H6610 photomultiplier tubes
(PMT) working at 2.3 kV. Long-pass filters (ThorLabs FGL420)
were used to avoid parasitic excitation light. The LED was
coupled through an optical fiber to a collimator, providing a
beam size of about 2-3 mm. The LED pulse duration was 150 ns
and the frequency 10 kHz. The double-side readout of the light
allows to correct the measurement in case of small variations of
the LED intensity and to compensate for fluctuations along the
fiber, improving the reliability of the attenuation measurement
and simplifying the readout procedure, as discussed in [6].
The results are shown in Fig. 4. The attenuation length curves
follow a single exponential decay according to Eq. 1, where
Sright and Sle f t are the signal intensities recorded by the two
photodetectors, latt is the attenuation length of the fiber, defined
as the distance at which the incident beam is reduced of a factor
PMT – SL PMT – SR
Pulsed
LED
Fig. 3. Setup for the attenuation length measurement based
on double-side readout: the pulsed LED light source at about
1 cm distance is moved along the longitudinal axis of the fiber.
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Fig. 4. (a) Attenuation length curves for SiO2:0.0125% Ce-
and SiO2:0.05% Ce-doped fibers before (solid lines) and after
(dotted lines) 1 kGy γ irradiation.
Bottom panels: attenuation length values as a function of dose
(b) and of RT recovery time after 22 Gy irradiation (c).
1/e, and x is the position along the fiber.
Sright
Sle f t
= A0 exp
(−2x
latt
)
(1)
In practice, the reciprocal of the attenuation length has a
physical meaning similar to that of the absorption coefficient
for spectrally unresolved measurements.
Panel (a) of Fig. 4 displays the attenuation length curves
for SiO2:0.0125% Ce- and SiO2:0.05% Ce-doped fibers: the
reduction of Ce concentration improves the attenuation length
of the glass fibers both before and after 1 kGy γ irradiation,
performed at the IONISOS irradiation facility in both cases. In
fact, the attenuation length was estimated to be around 80 cm
and 45 cm before irradiation and around 10 cm and 5 cm after
irradiation for the SiO2:0.0125% Ce- and SiO2:0.05% Ce-doped
fibers respectively (panel (b) of Fig. 4). Following several
repetitions of the experiment, a statistical uncertainty of 25%
has been associated to the attenuation length values.
We underline that attenuation length results are in good
agreement with OA measurements, confirming an improvement
of the radiation hardness of silica fibers with the reduction of
Ce concentration. In fact, the attenuation length values after
irradiation (10 and 5 cm) are rather consistent with the absorp-
tion coefficient values in the maximum of the visible region (0.07
and 0.14 cm−1). The two methods allow a direct comparison
of the response of the investigated materials in fiber shape.
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Fig. 5. (a) Optical absorption spectra of SiO2:0.05% Ce glass
sample; in the inset, an enlargement of the 1.0 - 3.5 eV region is
displayed. The arrow indicates increasing dose. (b) Radiation-
induced absorption spectra of SiO2:0.05% Ce glass sample; in
the inset, numerical fit (red solid line) of the radiation-induced
absorption spectrum after 10.3 kGy carried out as a sum of
three Gaussian components (black and gray dashed lines).
Attenuation length measurements permit to detect the light
emitted directly by luminescent centers, reproducing conditions
more similar to those found during the effective operation of
HEP detectors. However, the evaluation of the attenuation
does not consider variations in the emitted light spectral shape,
but only a uniform reduction of the luminescence intensity.
The two techniques can thus be regarded as complementary
in the estimation of the absorption features of the fibers under
investigation.
The attenuation length trend as a function of dose is reported in
panel (b) of Fig. 4: in this case, a γ irradiation up to 22 Gy was
performed at a CERN irradiation facility with a 60Co source at a
low dose rate of about 1 Gy/day. The shaded region of the figure
shows the attenuation length values after 1 kGy irradiation
performed at the IONISOS irradiation facility.
Panel (c) of Fig. 4 displays the attenuation length as a function
of room temperature (RT) recovery time after 22 Gy irradiation:
a recovery of about 22% followed over 15 days can be observed.
For a deeper understanding of the optical absorption
response, the OA spectra as a function of irradiation dose of a
sample cut from the residual of fiber drawing process (denoted
in the following as melted sample), with dimensions 2.5 mm
in thickness and 8.5 mm diameter, were also studied using a
Varian Cary 50 Spectrophotometer, and the results are reported
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Fig. 6. Radiation-induced absorption coefficient at 2.2 eV of
SiO2:0.05% Ce-doped melted sample as a function of (a) dose,
(b) RT recovery time and (c) annealing temperature. The ordi-
nate scales are the same in the three panels.
in Fig. 5 (a, b). For practical aspects, X-ray irradiation was
employed for these measurements and it was performed by
a Machlett OEG50 X-ray tube with tungsten anode, operated at
32 kV. The doses were evaluated by a PTW Duplex calibrated
ionization chamber. Similar results have been obtained by few
irradiations with 60Co γ source at IONISOS and ENEA Calliope
(Casaccia R. C., Rome, Italy) irradiation facilities [16].
In Fig. 5, both absorption spectra (a) and radiation-induced ones
(b) are shown. The latter have been calculated as the differences
between the spectra after irradiation and the spectrum before
irradiation. A monotonic increase of absorption as a function of
dose is observed, suggesting the occurrence of a saturation of the
absorption at around 5 kGy, also evident in panel (a) of Fig. 6.
The inset of panel (b) of Fig. 5 shows the numerical fit carried out
on the OA spectrum obtained after 10.3 kGy irradiation. It can
be analyzed as a sum of three Gaussian components, peaking
at 2.2 eV, 3.3 eV, and 3.9 eV with full width at half maximum
(FWHM) 0.8 eV, 2.5 eV, and 0.7 eV respectively; the very broad
width of the bands points towards the presence of contributions
from defect distributions. The two lower energy bands overlap
with the emission spectrum of Ce-doped silica (dotted line of
Fig. 2), and can thus cause re-absorption of the emitted light.
The OA spectra of the Ce-doped melted sample and fibers
show a similar absorption shape, suggesting that the drawing
process does not modify the nature of the centers responsible for
the radiation-induced absorptions. We put in evidence that the
maximum absorption coefficient in the visible region is higher
by about a factor 4 in the 0.05% Ce-doped melted sample with
respect to the corresponding fiber. On the other hand, it is a
factor 7 lower than for Pr-doped sol-gel silica bulk samples [13],
making the Ce-doped silica a more radiation hard material with
respect to the Pr-doped one.
The evolutions of the absorption coefficient at 2.2 eV
as a function of dose, RT recovery time, and annealing
temperature are reported in Fig. 6. As already noticed, the
induced absorption increases monotonically with increasing
dose, reaching a saturation level after about 5 kGy. The behavior
of the OA spectra as a function of recovery time was monitored
for a total time of about 20 hours. The absorption decrease
turned out to be about 10%, as shown in panel (b) of Fig. 6.
This recovery rate is comparable to that of fibers, estimated
to be around 10% after 1 day monitoring. The observation of
RT recovery indicates that a dynamical equilibrium between
color centers filling and RT release is established which actually
could depend upon the dose rate. Indeed, the spontaneous RT
recovery is an important feature because it reduces the radiation
damage effect without requiring any treatment on the sample.
In addition, thermally activated recovery was also investigated
by annealing cycles up to 700 °C performed by heating up the
Ce-doped melted sample in steps of 50 °C by holding it in a
preheated oven for 15 min at each temperature step. A complete
recovery of the radiation damage was observed at 700 °C.
In conclusion, our study suggests that the radiation
resistance of Ce-doped silica is enhanced by the fiber drawing
process, probably due to a silica network rearrangement and
a consequent reduction of defect concentrations occurring
during this high temperature process. Moreover, both
trough a spectroscopic and a practical approach, it is shown
that also a reduction of Ce content inside the silica fiber
core leads to an improvement of the radiation hardness,
suggesting that radiation-induced defects are related to the
presence of the dopant.
These results can guide the future engineering of scintillating
silica fibers, that will take into account the possibility to reach
a satisfactory optimization of both emission intensity and
radiation hardness.
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